Introduction
We previously showed that inflammation is responsible for fetal injury in a mouse model of antiphospholipid antibody-induced (aPL-induced) pregnancy loss (1) . We demonstrated that activation of complement, specifically generation of the anaphylotoxin C5a, is crucial in fetal injury induced by aPL. Tissue factor (TF) expressed on neutrophils in response to C5a contributed to the respiratory burst, trophoblast injury, and pregnancy loss induced by aPL. TF is the major cellular initiator of the coagulation protease cascade but also plays important roles in inflammation (2) . Complexes of TF/Factor VIIa (TF/FVIIa) and TF/FVIIa/Factor Xa (TF/FVIIa/FXa) as well as FXa and thrombin induce proinflammatory signals by activating protease activated receptors (PARs) and inducing the expression of TNF-α, interleukins, and adhesion molecules (3) (4) (5) . In a model of microvascular inflammation, activation of PARs leads to cytokine generation and rapid induction of P-selectin-mediated leukocyte rolling (6, 7) . In the absence of PARs, the onset of inflammation is delayed in endotoxemia and ischemia/reperfusion (8, 9) . For many years, the antiphospholipid syndrome (APS) was considered a thrombophilic disorder, but recent human studies and mouse studies from our laboratory have shown the importance of inflammation in the pathogenesis of aPL-induced pregnancy loss (1, (10) (11) (12) . Knowing the crucial role of TF and inflammation in aPL-induced pregnancy loss led us to investigate the mechanism by which TF contributes to inflammation in aPL-induced pregnancy loss. Here we demonstrated that PAR2 was upregulated in neutrophils from mice treated with human IgG-containing aPL (aPL-IgG) and that stimulation of this receptor led to neutrophil activation, trophoblast injury, and fetal death in this model of aPL-induced fetal death. We also demonstrated that statins decreased TF and PAR2 expression on neutrophils, preventing pregnancy complications in APS.
Results

Increased synthesis of TF and PAR2 in neutrophils from aPL-IgG-treated mice.
We previously demonstrated increased expression of TF on neutrophils from aPL-treated mice (1) . Fluorescence-activated cell sorting (FACS) analysis also revealed increased PAR2 expression on neutrophils from aPL-IgG-treated mice (aPL-IgG, 16.2% ± 6.1% PAR2 positive; untreated, 6% ± 2% PAR2 positive; P < 0.05). A 5.3-fold increase in PAR2 mRNA expression was observed in neutrophils from aPL-IgG-treated mice compared with untreated or normal human IgG-treated (NH-IgG-treated) mice (Table 1 ). In addition, immunocytochemical staining of cytospin films revealed increased PAR2 expression on neutrophils from aPL-IgG-treated mice compared with NH-IgG treated mice ( Figure 1A ).
To determine whether neutrophils are capable of synthesizing TF, we measured TF mRNA expression by RT-PCR in freshly isolated neutrophils from aPL-IgG-treated mice. We observed a 29.9-fold increase in TF mRNA expression in neutrophils from aPL-IgG-treated mice compared with NH-IgG-treated mice (Table 1) . TF protein expression in neutrophils was also found by immunocytochemical staining with specific anti-TF mAb ( Figure 1A ).
PAR2 signaling is required for oxidative burst and phagocytosis in neutrophils from aPL-IgG-treated mice. Prompted by our findings of increased PAR2 expression, increased ROS production, and phagocytosis in neutrophils from aPL-IgG-treated mice, we determined whether PAR2 signaling is involved in neutrophil activation. To study the role of PAR2, we examined neutrophils from Par2 -/-mice. The genetic deletion of Par2 dramatically reduced neutrophil activation in aPL-IgG-treated mice (Figure 1 , B-D). ROS production was significantly reduced in neutrophils from aPL-IgG-treated Par2 -/-mice compared with aPL-IgG-treated wild-type mice (P < 0.01; Figure 1B ). The aPL-IgG-induced increase in phagocytosis was also reduced in Par2 -/-mice ( Figure 1C ). In addition, neutrophils from Par2 -/-mice did not show an impaired capacity to generate oxidants or impaired phagocytosis when stimulated in vitro with PMA ( Figure 1, C and D) .
TF-dependent activity of neutrophils in aPL-IgG-treated mice is not affected by PAR1 deficiency. PAR1 deficiency did not prevent the aPL-IgG-induced increase in ROS production and phagocytosis ( Figure 1 , E and F). ROS production and phagocytosis in neutrophils from aPL-IgG-treated Par1 -/-mice were not different from those of aPL-IgG-treated wild-type mice, which indicates that PAR1 activation is not required for neutrophil activation in this model. The finding that PAR1 was not required for aPL-induced neutrophil activation was further substantiated by our observation that hirudin - which inhibits thrombin, the main ligand for PAR1 - did not prevent neutrophil activation in aPL-IgG-treated mice ( Figure 1 , E and F). These results extend our previous work showing that hirudin does not prevent aPL-induced pregnancy loss (13) . Neutrophil-enhanced phagocytosis and ROS production in response to aPL-IgG were also unaffected by the use of the anticoagulant fondaparinux (FPX; Figure 1 , E and F). We previously reported that FPX did not prevent aPL-induced pregnancy loss (13) . This suggests that generation of FXa is not required for the aPL-induced, TF-dependent increase in neutrophil activity. The fact that neutrophil activation requires neither FXa generation, thrombin generation, or PAR1 activation suggests that neutrophil activation is mediated by the TF/FVIIa/PAR2 axis.
TF/FVIIa signaling is required for oxidative burst and phagocytosis in neutrophils from aPL-IgG-treated mice. To confirm the role of TF/ FVIIa/PAR2 signaling in aPL-IgG-induced neutrophil activation, we treated mice expressing human TF (hTF) with a specific mAb, 10H10, which selectively blocks TF/FVIIa signaling through PAR2. We also treated mice with antibody 5G9, which only prevents TF procoagulant activity, as well as a mouse IgG1 antibody as a control. Both 5G9 and 10H10 have been used previously in tumor growth xenograft models, and the prior study demonstrated that TF signaling rather than coagulation is important for tumor growth (14) . Because these are human antibodies, we used them in human chromosomal vector (HCV) mice humanized for TF. HCV mice express hTF in the absence of mouse TF (mTF -/-hTF +/+ ) (15) . HCV mice showed increased TF expression on neutrophils after aPL-IgG treatment comparable to that observed in wild-type mice that express mTF (aPL-IgG HCV, 24.2% ± 3.2% TF positive; aPL-IgG wild type, 20.3% ± 2.3% TF positive). Neither increased oxidative burst nor increased phagocytosis was observed in neutrophils from HCV mice treated with aPL-IgG and 10H10 ( Figure 2A ). Inhibition of direct TF/FVIIa signaling through PAR2 using 10H10 prevented neutrophil activation, demonstrating a role for TF/FVIIa/PAR2 signaling in aPL-IgG-induced neutrophil activation. On the other hand, treatment with 5G9 had no effect on neutrophil activation ( Figure 2A ). These results are consistent with our previous observation that anticoagulation does not rescue pregnancy in APS (13) .
To substantiate the finding that PAR2 mediates aPL-IgG-induced neutrophil activation and to confirm that TF/FVIIa signaling is required for neutrophil activation in aPL-IgG-treated mice, we studied TF ΔCT/ΔCT mice. These mice lack the 18 carboxyterminal amino acids of the cytoplasmic domain of TF (16) . This cytoplasmic domain is involved in signaling and is required for TF/FVIIainduced cellular responses (16) . TF ΔCT/ΔCT mice treated with LPS exhibited less inflammation and are protected from lethality independent of changes in coagulation (16) . We observed increased TF expression, but no increase in either oxidative stress or phagocytosis, in neutrophils from aPL-IgG-treated TF ΔCT/ΔCT mice ( Figure  2B ), reinforcing the idea that TF/FVIIa signaling is required for neutrophil activation and fetal injury in aPL-IgG-treated mice. Taken together, these results suggest that interaction of TF with PAR2 is required for aPL-IgG-induced neutrophil activation.
Genetic deletion of Par2 prevents fetal loss induced by aPL-IgG. Given that the previous experiments showed the importance of PAR2 signaling in TF-mediated neutrophil activation, we investigated the role of PAR2 in pregnancy outcomes in aPL-IgG-treated mice. Consistent with previously published reports (1, (11) (12) (13) , approximately 40% of the embryos in aPL-IgG-treated wild-type mice died (40.5% ± 5.8%; Figure 3A ), a fetal resorption frequency (FRF) more than 4-fold greater than that in NH-IgG-treated mice (10.1% ± 3.2%). This aPL-IgG-induced increase in FRF was not observed in Par2 -/-mice. FRF in aPL-IgG-treated Par2 -/-mice was not different from that of NH-IgG-treated wild-type mice ( Figure 3A) , which indicates that signaling through PAR2 is required for aPL-induced pregnancy loss. Moreover, genetic deletion of PAR2 reduced inflammation in deciduae from aPL-IgG-treated mice. Less complement C3 deposition was observed in deciduae from aPL-IgG-treated Par2 -/-mice, comparable to deposition in those from NH-IgG-treated mice ( Figure 3B ). Par2 -/-mice treated with aPL-IgG also showed less free radical-mediated lipid peroxidation in decidual tissue, comparable to that of wild-type mice treated with NH-IgG ( Figure 3C ). Oxidative damage in deciduae from aPL-IgG-treated Par2 -/-mice was minimal and comparable to that in deciduae from NH-IgG-treated wild-type mice ( Figure 3C ). Statins prevent fetal injury in aPL-IgG-treated mice. Statins are compounds commonly used to reduce the level of cholesterol in the blood. In addition to lipid lowering, statins are postulated to exhibit pleiotropic properties, such as inhibition of inflammation and coagulation (17) . It was also shown previously that simvastatin reduced TF expression and activity in blood monocytes in patients with nephritic syndrome (18) . Other statins also suppress TF expression in various cell types (19, 20) . Knowing that TF is a crucial mediator in aPL-induced pregnancy loss and that statins diminish TF expression, we sought to determine whether statins can prevent pregnancy loss in aPL-IgG-treated mice. We first studied the effects of simvastatin on aPL-IgG-induced pregnancy loss. In accordance with our hypothesis, simvastatin prevented fetal loss in aPL-IgG-treated mice ( Figure 4 , A and B). A statistically significant difference was observed between aPL-IgG treatment alone and treatment with aPL-IgG plus simvastatin ( Figure 4A ). Multiple fetal resorptions were observed in uteri from aPL-IgG-treated mice ( Figure 4B ), while viable fetuses and no fetal resorptions - comparable to NH-IgG-treated mice - were observed in the uteri of mice treated with aPL-IgG plus simvastatin ( Figure 4B ). In aPLIgG-treated wild-type mice, extensive C3 deposition in deciduae as well as embryo debris was observed ( Figure 4B ). In contrast, the decidual tissue from mice treated with aPL-IgG plus simvastatin showed minimal staining for C3 and intact embryo ( Figure 4C ).
To prevent complement-mediated autologous attack, host tissues express a number of inhibitors (21, 22) . Decay-accelerating factor (DAF) is a membrane-bound complement inhibitor that protects trophoblasts from complement attack by inhibiting C3 convertase (23) . A recent study reported that simvastatin increases DAF expression and prevents complement activation on HUVECs in vitro (24) . Given the important role of complement activation in this model of aPL-induced pregnancy loss (1, 11, 12) , these observations raise the question of whether the protective effects of simvastatin observed in aPL-induced pregnancy loss are caused by increased complement inhibition by DAF. We therefore measured DAF expression on trophoblasts incubated with simvastatin and found abundant expression of DAF on trophoblasts that was not diminished by simvastatin ( Figure 4D ). The absence of PAR2 prevented aPL-IgG-induced ROS production and phagocytosis. Incubation of neutrophils from Par2 -/-mice with PMA induced increased ROS generation and phagocytosis, which indicates that the capacity of Par2 -/-mice to generate oxidants or in phagocytosis is normal. (E and F) ROS production and phagocytosis in neutrophils from aPL-IgG-treated mice. (E) Neutrophils from Par1 -/-mice treated with aPL-IgG showed increased ROS generation (E) as well as phagocytosis similar to aPL-IgG-treated wild-type mice (F). Increased ROS production was also observed in neutrophils from mice treated with hirudin or FPX in addition to aPL-IgG. n = 5-7 per group. *P < 0.05 versus NH-IgG; # P < 0.05 versus wild type. Data in C-F are mean ± SD.
Simvastatin downregulates TF and PAR2 expression and diminishes ROS production and phagocytosis in neutrophils. Knowing that the protective
effects of simvastatin are not based on increasing anticomplement activity, we hypothesized that treatment with statins would reduce aPL-IgG-induced neutrophil TF and PAR2 expression, diminishing ROS generation and thus preventing trophoblast injury and fetal death. FACS experiments showed that simvastatin prevented TF expression on neutrophils from aPL-IgG-treated mice (aPL-IgG, 28.5% ± 4.5% TF positive; aPL-IgG plus simvastatin, 10.1% ± 5.7% TF positive; P < 0.05, n = 6-8). The increase in PAR2 expression was also reduced by simvastatin (aPL-IgG, 16.2% ± 6.1% PAR2 positive; aPL-IgG plus simvastatin, 6.9% ± 2.3% PAR2 positive; P < 0.01, n = 5-7). Simvastatin treatment had no effect on TF and PAR2 expression in NH-IgG-treated as well as untreated mice (data not shown). Neutrophil activation was also prevented in mice treated with aPL-IgG plus simvastatin; moreover, neutrophils from mice treated with aPL-IgG plus simvastatin showed ROS production that was similar to that in neutrophils from NH-IgG-treated or untreated mice ( Figure 5A ). The aPL-IgG-dependent increase in neutrophil phagocytosis was also reduced by simvastatin (aPL-IgG, 48.2% ± 11% of total phagocytic cells; aPL-IgG plus simvastatin, 16.2% ± 2.9% of total phagocytic cells; P < 0.01, n = 5-8). Simv-
Figure 2
TF/FVIIa/PAR2 signaling is required for aPL-IgG-induced increase in neutrophil activity. (A) Effect of 10H10 and 5G9 on neutrophil phagocytosis and neutrophil ROS generation in aPL-IgG-treated mice, as determined by FACS. aPL-IgG-induced phagocytosis and ROS generation were prevented by 10H10, but not 5G9. Mouse IgG1 (mIgG) was used as isotype control. (B) TF expression, ROS production, and phagocytosis in neutrophils from NH-IgG-treated wild-type mice, aPL-IgG-treated wild-type mice, and aPL-IgG-treated TF ΔCT/ΔCT mice. aPL-IgG-induced ROS production and phagocytosis was not observed in TF ΔCT/ΔCT mice. *P < 0.05, **P < 0.01 versus NH-IgG. n = 5 mice per group. All data are mean ± SD.
Figure 3
Par2 -/-mice are protected from trophoblast oxidative injury and fetal death. Pregnant Par2 -/-or wild-type mice were given 10 mg aPL-IgG or NH-IgG i.p. on days 8 and 12. (A) Mice were killed on day 15 of pregnancy, uteri were dissected, and FRF was calculated as described in Methods. In matings of wild-type mice, approximately 40% of the embryos of mice treated with aPL-IgG were resorbed; in contrast, Par2 -/-mice showed a reduction in aPL-IgG-induced FRF. *P < 0.05 versus NH-IgG. n = 5-7 mice per group. Data are mean ± SD. (B and C) Mice were killed on day 8, 2 h after aPL-IgG or NH-IgG injection. Uteri were dissected, and decidua sections were cut and stained with an anti-C3 antibody (B) or DHE (C) to measure superoxide generation. (B) The chromogen was DAB (brown), and the counterstain was hematoxylin. In aPL-IgGtreated wild-type mice, there was extensive C3 staining (brown) in deciduae as well as embryo debris (ED). In contrast, the decidual tissue from aPL-IgG-treated Par2 -/-mice showed minimal staining for C3 at the ectoplacental cone (ec) and intact embryo (E). (C) aPL-IgG-induced superoxide production in wild-type mice was attenuated in Par2 -/-mice. Oxidative damage in deciduae from aPL-IgG-treated PAR2 mice was minimal and not different from that in NH-IgG-treated wild-type mice. Scale bars: 100 μm (B); 40 μm (C).
astatin inhibited aPL-IgG-induced TF and PAR2 mRNA expression ( Figure 5 , B and C). aPL-IgG-dependent increases in free radical-mediated lipid peroxidation in decidual tissue were also ameliorated by simvastatin treatment ( Figure 5D ). The increased superoxide production observed in deciduae from aPL-IgG-treated mice was not present when mice received simvastatin treatment ( Figure 5D ). Free radical-mediated lipid peroxidation in deciduae from mice treated with aPL-IgG plus simvastatin was comparable to deciduae from NH-IgG-treated mice ( Figure 5D ). By inhibiting the synthesis and expression of TF and PAR2 induced by aPL-IgG, simvastatin prevented neutrophil activation, placental oxidative damage, and fetal death.
In an epidemiologic study of adverse birth outcomes following gestational exposure to statins, pravastatin was shown to be the safest drug (25) . Because pravastatin is minimally present in the embryo and diminishes leukocyte activity (26, 27) , we decided to test the effects of pravastatin in our model of aPL-induced pregnancy loss. Similar to the effects of simvastatin, pravastatin prevented pregnancy loss induced by aPL-IgG ( Figure  5E ). The increased FRF observed in aPL-IgGtreated mice was not present in mice treated with aPL-IgG plus pravastatin ( Figure 5E ). Pravastatin also downregulated TF and PAR2 expression on neutrophils, which inhibited neutrophil activation (data not shown). These results suggest that statins prevent aPL-induced neutrophil activation, thus protecting trophoblasts from oxidative damage and rescuing the fetuses.
Discussion
In this study we demonstrated that TF-dependent signaling in neutrophils was responsible for fetal damage in a mouse model of APS. Our results showed that aPL-IgG-induced TF expression on neutrophils and formation of a TF/FVIIa complex contributed to oxidative burst, trophoblast injury, and fetal death by signaling through PAR2. Furthermore, we showed that statins reduced the expression of TF and PAR2 on neutrophils and prevented aPL-IgG-induced fetal loss.
Agonists of PARs, notably PAR2, induce inflammation in many tissues (28) . The association of PAR2 with TF-dependent signaling pathways has become increasingly apparent in many inflammatory diseases (29) . We previously reported increased TF expression on neutrophils from aPL-treated mice (1) . A major concern with regard to the increased TF expression observed in these mice is the origin of TF. The question of whether neutrophils are capable of synthesizing TF is the subject of extensive debate (30, 31) . Our RT-PCR experiments clearly demonstrate that mouse neutrophils from abortion-prone aPL-IgG-treated mice expressed TF. Østerud previously showed that human neutrophils can acquire circulating TF from activated monocytes (31). We not only found TF mRNA in mouse neutrophils from aPL-IgGtreated mice, but we also found TF-positive neutrophils in aPL-IgG-treated mice that were depleted of monocytes (data not shown). Based on these results, we conclude that mouse neutrophils from aPL-IgGtreated mice express endogenously synthesized TF. Our results are in accordance with Ritis et al., who showed that human neutrophils synthesize TF when incubated with C5a (32). We previously showed that TF expression on mouse neutrophils is dependent on an interaction between C5a and C5aR (1). We propose that C5a may be the trigger for TF expression on neutrophils in our model of aPL-induced fetal injury.
Neutrophils are important effectors of fetal injury in aPLinduced pregnancy loss and are also known to express various PARs (33) . It was reported that PAR2 agonists upregulate cell adhesion molecule expression and cytokine production by human neutrophils (33) . Of note, a significant increase of PAR2 expression was observed on the cell surface of neutrophils from septic patients compared with healthy volunteers (34) , which indicates that PAR2 may be involved in the pathophysiology of neutrophil activation observed during sepsis in humans. In our present study, similar to the results of these prior studies in sepsis, we found increased synthesis and expression of PAR2 in neutrophils from aPL-IgG-treated mice. Experiments performed in Par2 -/-mice demonstrated that PAR2 signaling was required for TF-induced neutrophil activation, trophoblast injury, and pregnancy loss in aPL-IgG-treated mice. The finding that PAR2 deficiency decreases phagocytosis in neutrophils was also reported in murine pulmonary pseudomonal infection (35) . However, the decreased neutrophil phagocytosis observed in this model was associated with reduced bacterial clearance and increased lung inflammation (35) . In our present study, decreased neutrophil activity observed in the absence of PAR2 prevented oxidative injury to trophoblasts and rescued pregnancy in APS.
Studies performed in Par2 -/-mice identified PAR2 as the receptor that interacts with TF to induce proinflammatory effects in neutrophils. While the lack of PAR2 prevented neutrophil activation and protected pregnancy in APS, the absence of PAR1 did not prevent neutrophil activation in aPL-IgG-treated mice. These data indicate that PAR1 is not required for aPL-induced fetal loss. Our data also indicated that neither generation of thrombin and FXa nor PAR1 activation are required for increased neutrophil activity, suggesting that the TF/FVIIa complex is the primary activator of PAR2 on neutrophils. Several studies analyzing the role of TF in growth of human tumor cells in mice have used the anti-hTF antibodies 10H10 and 5G9 (14, 36, 37) , indicating that these antibodies are valuable tools to distinguish the role of TF in coagulation versus signaling. In the present study, treatment with 10H10, which selectively blocks TF/FVIIa signaling through PAR2, prevented neutrophil activation induced by aPL-IgG, confirming the role of PAR2 in fetal demise in APS. The lack of protection observed with 5G9, which blocks TF-induced coagulation, was consistent with the previous observation that anticoagulation with hirudin or FPX does not prevent neutrophil activation and does not prevent miscarriages induced by aPL (13) . The importance of TF-dependent signaling pathways in aPL-induced fetal injury was further substantiated by studies performed in TF ΔCT/ΔCT mice, which cannot induce cellular effects
Figure 5
Statins inhibit TF and PAR2 synthesis and prevent neutrophil oxidative burst and oxidative damage in aPL-IgG-treated mouse placentas. Pregnant C57BL/6 mice were given aPL-IgG or NH-IgG as in Figure 3 ; some also received 20 μg simvastatin or 5 μg pravastatin i.p. 18 h before aPL-IgG administration (n = 5-10 mice per group). (A) On day 8, 2 h after aPL-IgG or NH-IgG injection, a blood sample was drawn in order to determine ROS production and phagocytosis in neutrophils by FACS, measured as the number of DHR-positive cells. aPL-IgG increased ROS production, whereas simvastatin prevented neutrophil oxidative burst in aPL-IgG-treated mice. The number of DHR-positive neutrophils was similar between NH-IgG treated and aPL-IgG plus simvastatin-treated mice. (B and C) RT-PCR analysis was performed in isolated neutrophils to quantify TF and PAR2 gene expression. Neutrophils from aPL-IgG-treated mice showed a 28-fold increase in TF mRNA (B) and a 5-fold increase in Par2 mRNA (C). Simvastatin prevented aPL-IgG-induced increase in TF and PAR2 synthesis. (D) Mice were killed on day 8, and deciduae were removed to determine superoxide generation using DHE fluorescence. Increased free radical-mediated lipid peroxidation was observed in deciduae from aPL-IgG-treated mice. No oxidative damage was observed in NH-IgG and aPL-IgG plus simvastatin-treated mice. Scale bars: 50 μm. (E) Mice were killed on day 15 of pregnancy, uteri were dissected, and FRF was calculated. Similar to the effects of simvastatin, pravastatin treatment prevented fetal loss. ‡ P < 0.05 versus aPL-IgG plus simvastatin or pravastatin as appropriate. in response to TF/FVIIa. The protection from oxidative damage observed in TF ΔCT/ΔCT mice suggests that TF/FVIIa/PAR2 signaling is required for aPL-induced neutrophil activity and pregnancy complications. The absence of the cytoplasmic domain of TF was previously associated with a diminished inflammatory response in a murine arthritis model (38) . However, studies performed in a mouse model of oxygen-induced retinopathy showed that loss of the TF cytoplasmic domain resulted in increased angiogenesis mediated by TF/FVIIa signaling through PAR2 (39) .
Our findings do not exclude a contribution of PAR2 in placental endothelial cells and trophoblasts to aPL-induced fetal death. PAR2 is found in mouse trophoblasts and has been associated with reduced proliferation and abnormal placentation (40, 41) . Therefore, TF/FVIIa/PAR2 signaling on trophoblasts may also contribute to trophoblast injury and pregnancy loss. However, human and mouse trophoblast cell lines incubated with aPL-IgG did not show any increase in PAR2 expression (data not shown). These results, together with our previous finding that TF on neutrophils is a crucial mediator of aPL-induced trophoblast damage in aPL-treated mice (1), support the role of PAR2 expression on neutrophils in the pathogenesis of abortions in APS.
Statins are pluripotent agents exhibiting multiple non-lipidlowering actions (17) . Besides their established role in the management of hypercholesterolemia, statins may also have beneficial actions in other pathological conditions, including (but not limited to) cancer, solid organ transplantation, cerebrovascular ischemic events, renal diseases, rheumatoid arthritis, autoimmune diseases, and sepsis (42) . Statins reduce TF synthesis, expression, and activity in many different cells, such as blood monocytes, endothelial cells, and breast carcinoma cells (18, 19, 42) . In our present study, simvastatin and pravastatin decreased TF and PAR2 expression on neutrophils and prevented pregnancy loss induced by aPL-IgG. It has previously been noted that statins abolish the antiapoptotic signaling of TF/FVIIa in breast cancer cells (43) ; this effect may also be caused by PAR2 downregulation. Here, statins prevented neutrophil activation by downregulating TF and PAR2 expression and protected fetuses from aPL-IgG-induced injury. In a similar way, Broz et al. found that statins diminish phagocytosis in macrophages in atherosclerotic plaques (44) . Statins also attenuated aPL-IgG-induced inflammation and complement deposition induced by aPL-IgG. By preventing neutrophil activation, statins might inhibit complement C3 and properdin release. Properdin and C3 secretion by neutrophils creates a complement alternative pathway amplification loop perpetuating complement activation on placental tissue (12) .
Our previous work demonstrated the benefits of heparin in aPL-induced pregnancy loss in mice (13) . This raises the question of whether statins would provide benefits greater than those of heparin for the treatment of patients with aPL. Heparin prevents fetal loss by blocking the activation of complement induced by aPL, rather than via their anticoagulant properties (13) . However, heparin has a number of side effects. Women on long-term administration of heparin are at higher risk of bleeding and should be monitored for the possible development of osteoporosis and spontaneous fracture. On the other hand, statins show a very low incidence of serious side effects and can be conveniently administered orally. We believe that by targeting the downstream effects of activation of the complement pathway at the level of TF with statins, we decrease the pathological TF expression and subsequent inflammation without markedly impacting hemostasis.
To date, epidemiological data collected by other investigators suggest that statins are not major teratogens. Pregnancy outcomes after maternal exposure to statins showed no evidence of increased congenital abnormalities (45) . Moreover, recent studies identified new benefits of statins in pregnancy in mice. It was reported that the use of statins in pregnant mice consuming a high-fat, highcholesterol diet leads to reduced cardiovascular risk factors in offspring that are sustained into adulthood (46) .
Lipophilic statins reaching the embryo may downregulate biosynthesis of cholesterol as well as many important metabolic intermediates and may have secondary effects (25) . Pravastatin is a hydrophilic statin, and minimal amounts are found in the embryo after exposure (25) , which suggests that pravastatin would be helpful to treat pregnancy complications. In addition, pravastatin is one of a group of statins with no effect on mitochondrial activity, while other statins can cause mitochondrial toxicity by inhibiting oxidative phosphorylation (47) . It was also reported that statins may have beneficial effects in other pregnancy complications such as eclampsia (48) . Statins have been shown to decrease release of the antiangiogenic factor soluble Flt-1 (sFlt-1) from endothelial cells and normal-term placental villous explants (48) ; thus, statins may alleviate the symptoms of preeclampsia.
We recognize that drugs should be used during pregnancy only if the benefits outweigh the risks. Given the pleiotropic effects of statins related to many pathophysiological determinants of pregnancy loss in APS and considering the beneficial effects of statins in our animal studies, we postulate that statins may be a good treatment for women with aPL-induced pregnancy complications. Moreover, preventing neutrophil activation by inhibiting TF/FVIIa/PAR2 signaling with statins may have important implications in many other inflammatory diseases.
Methods
Transgenic mice
All protocols were approved by the Institutional Animal Care and Use Committee of Hospital for Special Surgery and performed in compliance with institutional guidelines. HCV mice, which express normal levels of hTF (mTF -/-hTF +/+ ), were generated using a HCV containing the hTF locus (15) . TNF-α-deficient, Par2 -/-, and C57BL/6 mice were purchased from The Jackson Laboratory. Par1 -/-mice were kindly provided by S. Coughlin (Cardiovascular Research Institute, UCSF, San Francisco, California, USA; ref. 49) . TF ΔCT/ΔCT mice, which lack the 18 carboxyterminal amino acids of the cytoplasmic domain of TF, were generated by the Cre-lox recombination technique (50) .
Preparation of antibodies for in vivo studies
aPL-IgG was obtained from patients with APS (characterized by high-titer aPL, i.e., >140 GPL units; thromboses; and/or pregnancy losses). NH-IgG was obtained from healthy nonautoimmune individuals. Individuals provided informed consent before participating in these studies. All protocols were approved by the clinical research review board of Hospital for Special Surgery and performed in compliance with institutional guidelines.
Anti-TF mAbs 5G9 and 10H10 are of the IgG1 subclass and selective inhibitors of TF-dependent coagulation and TF/FVIIa signaling through PAR2, respectively (51) . Antibody 5G9 binds to TF and the preformed TF/FVIIa complex, inhibiting the formation of the TF/FVIIa/FXa ternary initiation complex of coagulation (52) . Antibody 10H10 binds to a partially overlapping epitope on hTF, but does not block coagulation because it does not inhibit binding of FVIIa or the function of the TF/ FVIIa complex (53, 54) . For all cellular and in vivo studies, antibodies were purified under endotoxin-free conditions (16) . Mouse IgG1 was used as isotype control antibody.
Murine aPL-induced fetal loss model
Adult mice (6-8 weeks) were used in all experiments. On days 8 and 12 of pregnancy, females were treated with injection of 10 mg aPL-IgG or NH-IgG i.p. To block TF, HCV mice were treated with i.p. injections of 0.5 mg 10H10, 0.5 mg 5G9 (16), or mouse IgG1 on days 6 and 10 of pregnancy. To study the role of statins on aPL-induced pregnancy loss, mice were treated with 20 μg simvastatin (Sigma-Aldrich) or 5 μg pravastatin (Sigma-Aldrich) i.p. 18 h prior to aPL-IgG injections on days 6 and 10. A group of mice was treated with the thrombin direct inhibitor hirudin (8 μg/twice daily s.c.; Sigma-Aldrich) or the specific FXa inhibitor FPX sodium (Arixtra, 10 μg/day s.c.; Sanofi-Synthelabo LLC) from day 7 to day 14 of pregnancy. On day 8, 2 h after aPL-IgG or NH-IgG injection, a sample of blood was drawn in order to measure oxidative burst, phagocytosis, and TF and PAR2 expression and synthesis in neutrophils. FPX and hirudin exhibited the expected anticoagulant activities - elevated partial thromboplastin time (untreated, 29 ± 2 s; hirudin, 69 ± 5 s) and increased FXa inhibitory activity (FPX, 91% ± 5% inhibition) - at the time the blood was drawn to perform FACS experiments. On day 15 of pregnancy, mice were euthanized, their uteri were dissected, and FRF was calculated as the number of resorptions per the total number of formed fetuses and resorptions. Resorption sites are easily identified and result from loss of a previously viable fetus. For immunohistochemistry studies, deciduae were removed from mice on day 8 of pregnancy, 2 h after treatment with aPL-IgG.
Simvastatin (Sigma-Aldrich) was prepared as a 4 mg/ml stock. Briefly, 4 mg simvastatin was dissolved in 100 μl ethanol and 150 μl 0.1N NaOH and incubated at 50°C for 2 h, after which the pH was adjusted to 7 and the total volume was corrected to 1 ml. The stock solution was diluted to the appropriate concentration in sterile PBS. Pravastatin (Sigma-Aldrich) was directly dissolved in sterile PBS.
Immunohistochemistry and immunocytochemistry
For immunohistochemistry studies, deciduae from day 8 of pregnancy were frozen in OCT compound and cut into 10-μm sections. Sections were stained for neutrophils using rat anti-mouse granulocyte RB6-8C5 mAb (BD Biosciences - Pharmingen) and C3 with goat anti-mouse C3 (Cappel ICN). A HRP-labeled secondary antibody and DAB as substrate were used to develop the reaction.
FACS analysis of mouse neutrophils
Peripheral blood was used for all FACS experiments. Heparinized venous blood was drawn from the submandibular vein by the cheek-pouch method and processed immediately for FACS analysis.
TF and PAR2 expression on mouse neutrophils. To study the presence of TF and PAR2 on peripheral blood neutrophils, 2-color FACS analysis was performed. To measure TF expression, heparinized whole mouse blood was stained with FITC-labeled anti-mouse Ly-6G (Gr-1) for fluorescence channel 1 (FL1) (BD Biosciences - Pharmingen) to identify neutrophils and biotinylated rat anti-mTF antibody 1H1 (kindly provided by D. Kirchhofer, Genetech, San Francisco, California, USA) and streptavidin-PerCP (BD Biosciences - Pharmingen) as the fluorescence channel 3 (FL3) fluorochrome. To detect PAR2 expression, biotinylated mouse anti-mouse PAR2 mAb (Santa Cruz Biotechnology Inc.) was used. Red cells were lysed with ACK buffer. Preparations were then incubated with SA-PerCP and analyzed by FACS using FACscan (BD Biosciences).
Respiratory burst activity in neutrophils. Intracellular ROS production was assessed with dihydrorhodamine 123 (DHR; Sigma-Aldrich) by flow cytometry. This primarily nonfluorescent dye becomes fluorescent upon oxidation to rhodamine by ROS produced during the respiratory burst. DHR (10 μmol/l) was added to heparinized whole blood, and this mixture was incubated at 37°C for 45 min. Red cells were lysed as described above, and ROS production was analyzed by absorbance in FL1.
Phagocytosis assay. Whole blood was incubated for 1 h at 37°C and 5% CO2 with fluorescent yellow-green latex beads (1:25 phagocyte/target ratio; Sigma-Aldrich) that had been preincubated with PBS plus 5% BSA for 1 h at 37°C. Internalization of beads by neutrophils was determined by flow cytometry using a FACSCalibur (BD Biosciences) flow cytometer.
Assessment of superoxide production in decidual tissue by dihydroethidium fluorescence
In situ superoxide levels were assessed using the fluorescent probe dihydroethidium (DHE). Deciduae from day 8 of pregnancy were frozen in OCT compound, cut into 10-μm sections, and incubated with 10 μmol/l DHE for 30 min at 37°C. Subsequently, the sections were washed, and fluorescence images were obtained (520 nm excitation; 605 nm emission).
To exclude an influence of the embedding procedure on fluorescence, samples from all treatment groups were embedded in the same block and analyzed simultaneously.
FACS analysis of DAF
Cell surface expression of DAF was measured by flow cytometry on untreated and statin-treated trophoblast-like BeWo cells. BeWo cells were incubated with 10 μg/ml simvastatin or 5 μg/ml pravastatin. At 18 h after incubation, DAF expression on the surface of BeWo cells was quantified by flow cytometry using a specific antibody (anti-human CD55; eBioscience).
TF and PAR2 mRNA expression analysis
Heparinized mouse blood, diluted with Hanks buffered salt solution, was layered onto discontinuous Ficoll/Hypaque gradients (Pharmacia Fine Chemicals) in 12-mm × 75-mm test tubes. The gradients, 1 tube per mouse, were centrifuged at 800-1,000 g for 15 minutes, and the lower interface of cells, containing neutrophils and red blood cells, was harvested. The red blood cells were removed by hypotonic lysis, and the neutrophils were counted, lysed in the recommended buffer for RNA purification, and stored at -70°C. For real-time PCR, total RNA from neutrophils was extracted using a RNeasy Mini kit (Qiagen), and 1 μg total RNA was reverse transcribed using a First Strand cDNA Synthesis kit (Fermentas Life Sciences). Relative quantification of gene expression was performed by real-time PCR using iQ SYBR-Green Supermix on the iCycler iQ thermal cycler (BioRad) following the manufacturer's protocols. Primer sequences were as follows: mouse GAPDH sense, 5′-TTCACCAC-CATGGAGAAGGC-3′; antisense, 5′-GGCATGGACTGTGGTCATGA-3′; mTF sense, 5′-AGCTACTGCTTTTTTGTACAAGCTATG-3′; antisense, 5′-TGTACCGTTTCGTTCGTCCTAA-3′; mouse PAR2 sense, 5′-TGGCCATT-GGAGTCTTCCTGTT-3′; antisense, 5′-TAGCCCTCTGCCTTTTCTTCTC-3′. Relative expression was normalized to GAPDH levels. The generation of only the correct size amplification products was confirmed using agarose gel electrophoresis.
Statistics
Data are expressed as mean ± SD. After confirming that the data were normally distributed (Kolomogorov-Smirnov test of normalcy), statistical analyses were conducted using 2-tailed Student's t test to compare differences in means. Data were processed using the SigmaStat (version 3.1; Systat) statistical program for Windows. A P value less than 0.05 was considered to be statistically significant.
